Methylglyoxal is detoxified by the glyoxalase system (glyoxalase 1 and 2). The influence of glyoxalase 1 knockdown on expression of collagens 1, 3, 4, and 5 in L6 myoblasts under hyperglycemic conditions was investigated. Increased biosynthesis of collagens 1, 3, 4, and 5 was detected at mRNA-level following knockdown of glyoxalase 1 (GLO1). At the protein level a significant elevation of the concentration of collagen 1 and 4 was shown, whereas no increase of collagen 5 and a non-significant increase in collagen 3 were detectable. These results could partially explain MG-induced changes in the extracellular matrix (ECM) which account for increased fibrosis and impaired function in myocytes. The mechanisms by which reactive glucose metabolites influence ECM composition deserve further investigation.
Introduction
Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia. The increased plasma glucose arising from increased insulin resistance or insulin deficiency and metabolic impairment leads to increased formation and accumulation of the highly reactive dicarbonyl methylglyoxal (MG) resulting in dicarbonyl stress [1] [2] [3] . The reaction of MG with macromolecules, such as proteins, DNA, and basic phospholipids leads to the formation of advanced glycation end products (AGEs), which are likely involved in the pathogenesis of vascular complications, nephropathy, retinopathy, neuropathy, and increased risk of cardiovascular and cerebrovascular disease [4] [5] [6] [7] . MG is formed mainly by the trace degradation of triosephosphates, glyceraldehyde-3-phosphate (GA3P), and dihydroxyacetone phosphate (DHAP) with normally minor contributions from metabolism of ketone bodies, threonine catabolism, and degradation of glycated proteins [8] . Detoxification of MG is mediated by the glutathione-dependent glyoxalase system consisting of the enzymes glyoxalase 1 and glyoxalase 2, and a catalytic amount of reduced glutathione (GSH) [9] . Glycation by MG imposes structural and potentially functional modifications. Formation of protein-derived AGEs causes structural distortion, loss of side chain charge of arginine residues, enzyme inactivation, and other protein dysfunction [10, 11] . Examples of proteins susceptible to MG modification and functional impairment, called the "dicarbonyl proteome" (DCP), are proteins of the extracellular matrix Int. J. Mol. Sci. 2017, 18, 480 2 of 10 (ECM)-collagen, fibronectin, and laminin [12, 13] -and mitochondrial proteins [14] . ECM proteins often present a higher content of AGE residues than other proteins modified due to their long half-life. AGEs may influence several signaling pathways, including inflammation through the effect on the receptor for AGEs (RAGE) and its ligands, hypoxia-related responses through modification of p300, and others [15, 16] . Dicarbonyl stress may be both the cause and consequence of oxidative stress as MG modification of mitochondrial proteins stimulates increased reactive oxygen species (ROS) formation. Depletion of Glutathion (GSH) and Nicotinamide Adenine Dinucleotide Phosphate Hydrogen (NADPH) decreases the in situ activity of glyoxalase 1 (GLO1) and aldehyde dehydrogenases leading to MG and the accumulation of other dicarbonyl metabolites [17] . Oxidative stress increases glucose uptake and stimulates glucose transporter 4 (GLUT4)-translocation in adipocytes and muscle cells [18, 19] . Insulin-dependent GLUT4 is responsible for insulin-regulated glucose uptake into fat and muscle cells to prevent hyperglycemia. Under steady state conditions GLUT4 is continuously relocating between intracellular compartments and the plasma membrane; 2%-5% are located on the cell surface and the main part of GLUT4 resides in intracellular GLUT4 storage vesicles (GSVs). After insulin-induction, plasma membrane levels of GLUT4 raise 5-to 30-fold [20] . Our previous study revealed an increased internalization of glucose depending on prolonged GLUT4 translocation on the plasma membrane, which is not related to increased oxidative stress or insulin action [21] .
In this study, we further investigated the influence of dicarbonyl stress on the composition and regulation of the ECM in a study of rat L6 myoblasts by employing a GLO1-specific knockdown under conditions of high glucose concentration to simulate hyperglycemia. We have chosen this model because the MG induced pronounced glucose influx has been studied and proven in these cells before as being independent from GLUT4 expression level and oxidative stress, suggesting a new MG dependent mechanism of exaggerated glucose uptake [21, 22] . As the GLUT4 translocation and the increased glucose influx can easily be determined in these cells, they represent an adequate model for further studies on the consequences of glucose and MG overflow. Having the glucose intoxication hypothesis in mind, we wanted to determine the direct consequences on the expression profile on collagens 1, 3, 4, and 5 to evaluate the contribution of MG and the associated pronounced glucose influx on collagen expression as markers of fibrotic remodeling processes. Our results revealed alterations in the biosynthesis of fibrillary and fibril-associated collagens leading to possible remodeling of the ECM, thereby indicating induction of fibrotic processes.
Results

Knockdown of GLO1
After knockdown of GLO1, the impact of intracellular accumulation of MG in L6 myoblasts on the expression of collagens and collagen-modifying enzymes was analyzed. Therefore, a knockdown of GLO1 was conducted by transfection of the wildtype (WT) cells with specific GLO1 directed siRNA (WT 25 mM + GLO1-siRNA) and non-target siRNA (WT 25 mM + non-target siRNA (NT-siRNA)) as control. Transfected and non-transfected cells (WT 25 mM) were incubated under hyperglycemic conditions (25 mM glucose in culture-medium) for 48 h. Additionally, non-transfected cells (WT 5 mM) were incubated under normoglycemic conditions (5 mM glucose), to reveal possible expressional changes induced by hyperglycemic conditions. The GLO1 specific knockdown resulted in 90% down regulation of glyoxalase 1 on protein level (0.06 ± 0.02 vs. 1.00 ± 0.12 arbitrary units (a.u.), p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) ( Figure 1 ). As already detected before [21] , GLO1 knockdown resulted in a prolonged translocation of GLUT4 to the cell surface, an increased glucose influx, and pronounced apoptosis. 
Accumulation of Methylglyoxal, Glyoxal, and Related Advanced Glycation Endproducts
The cellular concentrations of MG, glyoxal, and 3-deoxyglucosone (3-DG) were determined by LC-MS/MS [23] . The results showed a 2. 
The cellular concentrations of MG, glyoxal, and 3-deoxyglucosone (3-DG) were determined by LC-MS/MS [23] . The results showed a 2.2-fold increase in the cellular concentration of MG with GLO1 knockdown, compared to non-target siRNA transfected control (10.57 ± 1.10 vs. 
Biosynthesis of Collagens
To examine the influence of GLO1 knockdown on the composition of the ECM, we analyzed the biosynthesis of dominant expressed collagen 1 in muscle tissues, as well as collagen 1-associated collagens by real-time PCR and Western blot. Our results showed an increased collagen-biosynthesis in cells with GLO1 knockdown. As a part of striated fibrils, collagen 1 is highly expressed in muscle tissues. After GLO1 knockdown, collagen 1 mRNA was increased (1.43 ± 0.10 vs. 1.00 ± 0.02 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) and collagen 1 protein was also increased (1.21 ± 0.11 vs. 1.00 ± 0.07 a.u., p < 0.05, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 3a,b) . 
To examine the influence of GLO1 knockdown on the composition of the ECM, we analyzed the biosynthesis of dominant expressed collagen 1 in muscle tissues, as well as collagen 1-associated collagens by real-time PCR and Western blot. Our results showed an increased collagen-biosynthesis in cells with GLO1 knockdown. As a part of striated fibrils, collagen 1 is highly expressed in muscle tissues. After GLO1 knockdown, collagen 1 mRNA was increased (1.43 ± 0.10 vs. 1.00 ± 0.02 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) and collagen 1 protein was also increased (1.21 ± 0.11 vs. 1.00 ± 0.07 a.u., p < 0.05, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 3a,b) . Collagen 1-associated collagen 3 mRNA was also increased approximately 2-fold in cells with GLO1 knockdown, compared to the NT-siRNA treated cells (2.06 ± 0.10 vs. 1.00 ± 0.03 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) and collagen 3 protein was also, but non-significantly, increased (1.47 ± 0.21 vs. 1.00 ± 0.01 a.u., p > 0.05, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 4a,b) . High glucose concentration produced modest increases of collagen 4 mRNA (1.03 ± 0.03 vs. 0.71 ± 0.05 a.u., p < 0.001, WT 25 mM vs. WT 5 mM); knockdown of GLO1 further increased the levels of collagen 4 mRNA. Collagen 4 mRNA was increased 1.8-fold in cells with GLO1 knockdown, compared to the NT-siRNA treated cells (1.80 ± 0.09 vs. 1.00 ± 0.01 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 4c ) and collagen 4 protein was also increased (1.35 ± 0.07 vs. 1.00 ± 0.01 a.u., p < 0.01, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 4d ). Fibrillary collagen 5 mRNA was increased by hyperglycemia (1.03 ± 0.03 vs. 0.71 ± 0.05 a.u., p < 0.001, WT 25 mM vs. WT 5 mM) and 1.4-fold elevated by GLO1 knockdown (1.44 ± 0.06 a.u. vs. 1.00 ± 0.01 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA), whereas collagen 5 protein was unchanged (Figure 4e,f) . Collagen 1-associated collagen 3 mRNA was also increased approximately 2-fold in cells with GLO1 knockdown, compared to the NT-siRNA treated cells (2.06 ± 0.10 vs. 1.00 ± 0.03 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) and collagen 3 protein was also, but non-significantly, increased (1.47 ± 0.21 vs. 1.00 ± 0.01 a.u., p > 0.05, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 4a,b) . High glucose concentration produced modest increases of collagen 4 mRNA (1.03 ± 0.03 vs. 0.71 ± 0.05 a.u., p < 0.001, WT 25 mM vs. WT 5 mM); knockdown of GLO1 further increased the levels of collagen 4 mRNA. Collagen 4 mRNA was increased 1.8-fold in cells with GLO1 knockdown, compared to the NT-siRNA treated cells (1.80 ± 0.09 vs. 1.00 ± 0.01 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 4c ) and collagen 4 protein was also increased (1.35 ± 0.07 vs. 1.00 ± 0.01 a.u., p < 0.01, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA) (Figure 4d ). Fibrillary collagen 5 mRNA was increased by hyperglycemia (1.03 ± 0.03 vs. 0.71 ± 0.05 a.u., p < 0.001, WT 25 mM vs. WT 5 mM) and 1.4-fold elevated by GLO1 knockdown (1.44 ± 0.06 a.u. vs. 1.00 ± 0.01 a.u., p < 0.0001, WT 25 mM + GLO1-siRNA vs. WT 25 mM + NT-siRNA), whereas collagen 5 protein was unchanged (Figure 4e,f) . WT 25 mM + GLO1-siRNA. Data are mean ± SEM (N = 3, n = 3). Significance: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, WT 25 mM + GLO-siRNA vs. WT 25 mM + NT-siRNA, or WT 25 mM vs. WT 5 mM, respectively.
Discussion
Our previous study revealed an intracellular accumulation of MG as well as enhanced glucose internalization after knockdown of GLO1 in cells under hyperglycemic conditions [21] . These findings may be in relation to the fibrotic processes associated with diabetes in myoctes, as exaggerated intracellular concentrations of glucose have been shown to enhance ECM accumulation and MG has been proven to modify existing proteins in terms of irreversible crosslinking [24] . The aim of this study was to analyze the consequences of a MG driven enhanced glucose uptake on the expression of several structurally related collagens as main components of the extracellular matrix.
Under low glucose conditions, the insulin-dependent glucose transporter 4 (GLUT4) continuously relocates between cell-surface and intracellular storage-vesicles [20] . An insulin-mediated increase of GLUT4 concentration on the cell-surface enhances glucose-uptake to prevent an extracellular hyperglycemic milieu and to deliver glucose for metabolic purposes. In our cell culture model, we revealed an impaired GLUT4 internalization leading to the prolonged presentation of GLUT4 on the cell-surface, resulting in increased glucose-uptake after knockdown of GLO1 [21] . Increased GLUT4-level on the cell-surface after GLO1 knockdown or extracellular MG stimulation in L6 cells appeared unrelated to MG modification or expression of GLUT4 and oxidative stress [21, 22] . These results suggest that MG may influence mechanisms involved in GLUT4-trafficking and subsequent glucose uptake. The aim of this study was to further investigate the influence of GLO1 knockdown and MG accumulation on the regulation and composition of the ECM in this well-defined cell culture model.
After silencing of GLO1, there was an approximately 2.2-fold increase in MG and a 2.3-fold increase in glyoxal concentration and increased MG-derived AGEs; 3-DG concentration did not vary upon knockdown of GLO1. This suggests that GLO1 silencing is effective and imposes dicarbonyl stress in L6 cells. Glycation caused by MG may impair cell homeostasis by altering functions of crucial enzymes of metabolic pathways. With regard to the ECM, we could detect an increased biosynthesis of fibrillary and fibril-associated collagens (collagens 1-5) after GLO1 knockdown, suggesting a remodeling of the ECM, which in turn, displays the induction of fibrotic processes. Furthermore, increased biosynthesis of collagen 1 was identified as an indicator for the onset of fibrotic processes [25] . The observed effects are attributable to the accumulation of MG during hyperglycemic culture conditions and the consequences arising from increased MG concentrations, as-in the control experiments-hyperglycemia alone was analyzed in comparison to normoglycemia, and GLO1 knockdown experiments were performed in addition to hyperglycemia. Hyperglycemia alone was not able to induce the effects seen with GLO1 knockdown.
Accumulation of MG in cells results in increased production of ROS and oxidative stress [8, 26, 27 ], which in turn may induce further glucose uptake and GLUT4-translocation [18, 19, 28, 29] . In our model, increased glucose uptake is not dependent on oxidative stress, but MG dependent [22] . Similarly, increased biosynthesis of collagens induced by GLO1 knockdown may not be regulated by oxidative stress, particularly as protein modification by MG is non-oxidative. By coincubation with the antioxidant tiron we were able to show that the collagen production is not related to the increase in oxidative stress. Increased collagen synthesis is characteristic of L6 cells as they approach confluence and it decreases thereafter [30] . Knockdown of GLO1 may increase MG modification of collagens and alter functional contact with cells, as shown for cardiac fibroblasts cultured on MG-modified collagen matrices and for MG-modifications of collagen 1 and collagen 4 [12, 31, 32] . Consequences of the observed alterations in collagen concentration as being responsible for disturbed cell-matrix contact contributing to apoptotic processes in our model is speculative at this time point and deserves further analysis.
Quantitative Real Time-PCR Analysis (qRT-PCR)
Cells were washed twice with ice-cold PBS and detached using RLT buffer containing β-mercaptoethanol (10 µL per mL) (Qiagen, Hilden, Germany). After cell lysis using QIAshredder columns (Qiagen, Hilden, Germany), RNA was purificated with RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA concentrations were determined by NanoDrop 2000 (PeqLab Biotechnologie GmbH, Erlangen, Germany). After reverse transcription, purified cDNA was analyzed via quantitative real time-PCR using MasterCycler ® ep realplex (Eppendorf, Hamburg, Germany) using Platinum ® SYBR ® Green qPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, USA). Oligonucleotide sequences are available upon request.
Chromatographic and Mass Spectrometric Measurement of Intracellular Accumulated MG, Glyoxal, and 3-DG
The dicarbonyl metabolites glyoxal, MG, and 3-DG were determined by derivatization with 1,2-diaminobenzene (DB) and quantification of the resulting quinoxaline adducts was determined by stable isotopic dilution analysis liquid chromatography-tandem mass spectrometry (LC-MS/MS), as described elsewhere [23] . Briefly, 0.5 × 10 6 -1 × 10 6 cultured cells were sonicated and subsequently mixed with 4% ice-cold trichloroacetic acid with 0.9% NaCl. Stable isotopic standards ([ 13 C 3 ]MG, [ 13 C 2 ]glyoxal and [ 13 C 6 ]3-DG)) were added and mixed, and samples were centrifuged. The supernatant was removed, sodium azide (0.3%) was added, and then finally 0.1 mM DB was added for derivatization over 4 h. Calibration standards containing 2 pmol of isotopic standards and 0-20 pmol of glyoxal, MG, and 3-DG were prepared and derivatized concurrently.
Samples were analyzed by LC-MS/MS with a C18 reverse-phase column (100 mm × 2.1 mm). The mobile phase was 0.1% TFA (trifluoroacetic acid) in water with a linear gradient of 0%-25% acetonitrile over 10 min. The quinoxaline adducts were detected by electrospray positive-ionization multiple reaction monitoring (MRM).
Statistics
Results of the experimental studies are reported as mean ± SEM and normalized to results of WT 25 mM + NT-siRNA, unless otherwise stated. Differences were analyzed by one-way ANOVA followed by Dunnett's multiple comparison post-test using GraphPad Prism version 6.02 for Windows (GraphPad Software, San Diego, CA, USA). p-values < 0.05 were regarded as statistically significant. N describes independent biological experiments, whereas n accounts for the number of repetitions of measurements.
Conclusions
In summary, decreased expression of GLO1 in L6 cells in high glucose concentration induced dicarbonyl stress and increased collagen synthesis. This may relate to induction of fibrotic processes described in diabetic late complications [24] and probably to loss of functional contact of cells with ECM components by increased glycation with MG or the fibrotic process which is induced by collagen over-production, as described for cells cultured on MG-modified collagen matrices [32] . Increased expression of collagen 5 is interesting in this regards as it is critical for GLUT4 translocation to the cell surface and may mediate increased cell surface GLUT4 in response to GLO1 knockdown [34] . The observed difference between RNA and protein level of collagen 5 is of special interest and warrants further investigation.
